The Reelin pathway is essential for both neural migration and for the development and maturation of synaptic connections. However, its role in adult synaptic formation and remodeling is still being investigated. Here, we investigated the impact of the Reelin/Dab1 pathway on the synaptogenesis of newborn granule cells (GCs) in the young-adult mouse hippocampus. We show that neither Reelin overexpression nor the inactivation of its intracellular adapter, Dab1, substantially alters dendritic spine numbers in these neurons. In contrast, 3D-electron microscopy (focused ion beam milling/scanning electron microscope) revealed that dysregulation of the Reelin/Dab1 pathway leads to both transient and permanent changes in the types and morphology of dendritic spines, mainly altering mushroom, filopodial, and branched GC spines. We also found that the Reelin/Dab1 pathway controls synaptic configuration of presynaptic boutons in the dentate gyrus, with its © The Author 2016. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com. dysregulation leading to a substantial decrease in multi-synaptic bouton innervation. Lastly, we show that the Reelin/Dab1 pathway controls astroglial ensheathment of synapses. Thus, the Reelin pathway is a key regulator of adult-generated GC integration, by controlling dendritic spine types and shapes, their synaptic innervation patterns, and glial ensheathment. These findings may help to better understanding of hippocampal circuit alterations in neurological disorders in which the Reelin pathway is implicated.
Introduction
Adult neurogenesis in the dentate gyrus (DG) has been implicated in spatial learning and pattern separation (Clelland et al. 2009; Aimone et al. 2011; Sahay et al. 2011) , and recently it has been suggested to add flexibility in memory through the forgetting process (Akers et al. 2014) . Moreover, impairment of adult neurogenesis has been shown to occur in neurodegenerative and psychiatric diseases (Zhao et al. 2008; Kheirbek et al. 2012; Yu et al. 2014) . Whereas recent studies have identified key factors for the regulation and proliferation rates of neuroprogenitor cells (Lie et al. 2005; Jessberger et al. 2008; Lagace et al. 2008; Gao et al. 2009; Karalay et al. 2011; Vadodaria and Gage 2014) , much less is known about the mechanisms that control synaptogenesis of adult-generated granule cells (GCs) and their recruitment into adult circuits (Toni et al. 2007 ). Interestingly, spatial learning accelerates the integration of newborn neurons (Lemaire et al. 2012) , and environmental enrichment influences the morphology of their dendritic spines (for simplicity, spines) (Zhao et al. 2014 ). In turn, Alzheimer's disease murine models show impaired spine maturation in these cells, which is triggered by an unbalanced glutamate/GABA input, among other mechanisms (Sun et al. 2009; Llorens-Martin et al. 2013; Song et al. 2013; Cho et al. 2015) .
Reelin is an extracellular protein that is essential for neuronal migration and brain development (D'Arcangelo et al. 1995; Alcantara et al. 1998; Rice and Curran 2001; Soriano and Del Rio 2005; Cooper 2008 ) and its signaling is mediated by the apolipoprotein E receptor 2 and the very-low-density lipoprotein receptor, which trigger a complex signaling cascade involving the adaptor Dab1 Hiesberger et al. 1999; Beffert et al. 2002; Arnaud et al. 2003; Ballif et al. 2004; Gonzalez-Billault et al. 2005; Simo et al. 2007 ). Reelin continues to be expressed into adulthood and also regulates dendrite development, the formation of spines, glutamatergic neurotransmission and neural plasticity (Chen et al. 2005; Herz and Chen 2006; Qiu et al. 2006; Groc et al. 2007; Pujadas et al. 2010 Pujadas et al. , 2014 Bosch et al. 2016) . Importantly, downregulation of the Reelin pathway, Reelin mutations and genetic variants are implicated in numerous diseases, including Alzheimer's disease, epilepsy, and psychiatric disorders, all involving alterations of hippocampal circuits (Guidotti et al. 2000; Abdolmaleky et al. 2005; Knuesel 2010; Krstic and Knuesel 2013; Pujadas et al. 2014; Dazzo et al. 2015; Moon et al. 2015) .
Recently, we found that the Reelin pathway dramatically regulates GC adult neurogenesis; whereas overexpression of Reelin accelerates dendritic maturation, disruption of the Reelin pathway results in aberrant dendritic development and orientation (Teixeira et al. 2012) . Here, we investigate the impact of the Reelin pathway in the synaptogenesis of newborn young-adult GCs performing retroviral tracing and 3D-EM (focused ion beam milling/scanning electron microscope (FIB/ SEM) technology) (Bosch et al. 2015) and using both gain and loss of function mouse models. We show that the Reelin/Dab1 pathway controls adult GC spinogenesis and synaptogenesis as well as astroglial ensheathment of synapses. These results may have implications in the context of neurodegenerative, psychiatric, and temporal lobe epileptic disorders, in which the Reelin pathway has been implicated (Guidotti et al. 2000; Abdolmaleky et al. 2005; Knuesel 2010; Krstic and Knuesel 2013; Pujadas et al. 2014; Dazzo et al. 2015; Moon et al. 2015) .
Materials and Methods

Animals
Conditional knockout Dab1 mice (Dab1-cKO) (Pramatarova et al. 2008 ) and Reelin-overexpressing (Reelin-OE, gamma strain) (Pujadas et al. 2010) mice were maintained on a C57BL/6 J background. Previous work showed that Reelin-OE mice have 2-3 times more Reelin protein (Pujadas et al. 2010) , while Dab1-cKO have normal levels of Reelin but its signaling pathway is inactivated . In Reelin-OE mice the Reelin transgene expression is driven by the CaMKII promoter, leading to Reelin expression in pyramidal and GCs. Mutant mice and their littermate controls were housed in groups (2-6 mice per cage) and maintained in a 12 h light/dark cycle with access to food and water ad libitum. All procedures were performed with mice of either sex according to the guidelines of the European Community Directive 2010/63/EU, and were approved by the local ethics committee of the Spanish National Research Council (CSIC) and by the Ethics Committee for Animal Experimentation (CEEA), University of Barcelona (Barcelona, Spain). cells as described previously . RV stocks were concentrated to working titers of 1 × 10 7 −2 × 10 8 pfu/ml, by means of ultracentrifugation. Young-adult mice (7-8 weeks old, N = 21 for light microscopy analysis, N = 9 for EM analysis) were anesthetized and placed in a stereotaxic frame. The scalp was incised, and holes were drilled in the skull. Injection coordinates (in mm) relative to bregma in the anteroposterior, mediolateral, and dorso-ventral planes were as follows: [−2.0, 1.4, 2.2] . Of the case, 1.5 μL of virus solution per DG was infused at 0.2 μL/min via a glass micropipette.
Tissue Processing, Histology, and Immunohistochemistry
Animals were perfused with 4% paraformaldehyde at 4 or 8 weeks post-injection. The brains were then removed, postfixed, cryoprotected in 30% sucrose, and frozen. Coronal sections (50 µm thick) were cut and fluorescence immunohistochemistry was performed on free-floating sections. For immunodetection of GFP, polyclonal rabbit anti-GFP primary antibody (Invitrogen, 1:1000) and secondary antibody Alexa Fluor 488-(GFP experiment) or 568-conjugated (PSD95 experiment) goat anti-rabbit (1:1000) were used. To counterstain nuclei, the tissue was incubated in DAPI.
Confocal Microscopy, Image Processing, and Quantification
High-resolution confocal image stacks were acquired using a Leica SP5. For GFP experiments, images were acquired at a resolution of 0.068 × 0.068 × 0.13 µm in x,y,z, respectively. Stacks were further deconvolved based on an experimental point spread function using a Wiener algorithm available in Fiji (Schindelin et al. 2012) . In PSD95 experiments, the resolution was 0.077 × 0.077 × 0.5 µm. For both experiments, MosaicJ plugin from Image J (NIH) was used to obtain whole neuron images, allowing us to determine the 3 sublayers of the Molecular Layer (ML) (Inner molecular layer (IML), middle molecular layer (MML), and outer molecular layer (OML)). For each genotype, age, and layer, 2 or 3 dendritic segments of 20-30 µm were analyzed per neuron (13-21 neurons per animal, 2-5 animals per condition/age). In the GFP experiment, spines were counted using Imaris (Bitplane). In the PSD95 experiment, a semiautomatic system using an intensity threshold was used in order to count PSD95-GFP spots. The length of the respective segment of the dendritic arbor was then measured to obtain the densities. Comparisons among groups were performed using a two-way ANOVA followed by Holm-Sidak's post hoc test. All values are reported as the mean ±SEM.
EM Tissue Preparation
At 3-4 and 8-9 weeks after viral injection, mice (N = 9) were anesthetized by isofluorane inhalation and processed for EM as previously described (Bosch et al. 2015) . Briefly, mice were intracardially perfused with 4% paraformaldehyde and 0.1% glutaraldehyde in 0.12 M phosphate buffer and the brain was postfixed overnight in 4% paraformaldehyde. Of the case, 100 µm thick vibratome slices were permeabilized by freeze-thawing, immunostained with a rabbit polyclonal anti-GFP antibody (1:1000), a biotinylated goat anti-rabbit secondary antibody, and the ABCperoxidase kit (Vector Labs), and then developed with DAB and hydrogen peroxide. Slices were postfixed in 2% osmium tetroxide, incubated in 2% uranyl acetate, and flat-embedded in Araldite. DAB-labeled cells were identified under light microscopy and optimal dendritic segments were chosen (Bosch et al. 2015) . The blocks were then trimmed so that the selected segments remained at 3-5 μm below the block surface.
FIB/SEM Imaging
Blocks were glued on stubs and the ensemble conductivity was enhanced by silver-painting the block sides and by sputtercoating the block face with gold/palladium (Merchan-Perez et al. 2009 ). Automated serial imaging and slicing of the samples was carried with a FIB/SEM (Crossbeam Neon40 EsB, Carl Zeiss NTS GmbH, Oberkochen, Germany). A secondary electron image of the block surface provided useful landmarks that allowed an accurate overlay of the scene with the previously acquired LM images, and therefore permitted the fine prediction of the location of the dendrite of interest (Bosch et al. 2015) . After milling a coarse trench with a 10 nA gallium beam, the recently cut surface was explored using a backscattered electron detector. Then the final framing was chosen according to the exact location of the dendrite of interest. Serial milling and imaging cycles followed, providing stacks of images, each representing a high-resolution 3D sample (Merchan-Perez et al. 2009; Bosch et al. 2015) . Milling involved a beam current of 750 pA. Images of the recently cut surface were obtained by scanning the block surface with a 1.7 kV, 1.2 nA electron beam, and recording the signal with an in-column energy-selective backscattered electron detector. Dwell time was set to 100 ns/ pixel, and images were line-averaged 4 times. Pixel sizes were set at 3.7 nm (except for 2 stacks, in which pixel size was 4.0 and 5.0 nm, respectively). Z-axis resolution (cutting thickness) was 25 nm (except for 1 stack: 20 nm). Voxel dimensions were carefully stored for each stack and applied before any further measurement. Images typically covered a field of view (FOV) of 7.6 × 5.7 µm, although in one case a larger FOV of 11.4 × 8.5 µm was chosen. These settings allowed the acquisition of enough detail and neuropil at a fast scanning cycle (combined scanmilling cycle times of~3 min), thereby allowing the milling and imaging of large volumes (average of 5.5 µm in depth). Stacks acquired from Reelin-OE mice (7 stacks at 3/4 weeks and 2 stacks at 8 weeks, average 167 µm 3 of imaged tissue per stack) and from Dab1-cKO mice (2 at 4 weeks and 3 at 8/9 weeks, average 227 µm 3 ), were compared with image stacks comprising labeled dendritic segments from control, wild-type (WT) mice of labeled 3-4, and 8-to 9-week-old GCs (Bosch et al. 2015) . All the experiments in Reelin models and WT mice were run and analyzed in bulk.
Analysis of Connectivity
Image post-processing involving rigid registration (no rotation) and signal normalization across slices were performed with Fiji (Schindelin et al. 2012) . Each spine, synapse, and afferent axonal bouton was annotated in a database, which allowed systematic review by at least 3 independent specialized scientists. Spines were classified into 5 categories according to their key morphological features (Harris et al. 1992; Rochefort and Konnerth 2012; Bosch et al. 2015) : filopodial, thin, stubby, mushroom, and branched. Long and thin spines with a pointed PSD, with similar diameters in the neck and head were classified as "filopodia"; small necks tipped by small round heads were classified as "thin"; short thick spines with no size differences between neck and head and spine length similar to neck width were classified as "stubby"; spines tipped by large heads typically displaying U-shapes were classified as "mushroom";
and spines with more than 1 head arising from a single neck were classified as "branched".
All presynaptic boutons establishing synapses onto labeled spines were identified and we annotated the total number of synapses they established (including those with unlabeled spines) (Bosch et al. 2015) . In addition, we analyzed the connectivity of presynaptic boutons surrounding labeled dendrites but establishing contact exclusively with non-GFP-positive elements. In these 4-to 5-month-old mice, these synaptic nonlabeled spines were assumed to arise from mature, fully integrated GCs, and thus these boutons were termed "mature". A random selection of 33-65 boutons (per animal) contacting non-labeled spines was analyzed, providing a complete representation of the afferent connectivity to mature GCs (N = 378 boutons for WT, N = 355 boutons for Reelin-OE).
Segmentation and Quantitative Analysis
Segmentation of labeled dendrites, afferent boutons, and synaptic contacts was performed semiautomatically with EspINA (Morales et al. 2011; Bosch et al. 2015) . Imaris (Bitplane) was used to generate and edit 3D meshes from segmented images, and to extract morphometric measurements from these elements. Spines were cut from the dendritic shaft. Branched spines were further cut into individual spines at their shared neck isthmus. From each mesh representing a fully 3D-reconstructed spine and synapse we measured, as previously described (Bosch et al. 2015) , the following parameters: Spine volume and surface, spine sphericity, synapse size and surface, and synapse sphericity. Pooled data from all elements from each group were compared between genotypes of the same age performing Kruskal-Wallis tests with post hoc Dunn's multiple comparisons tests, unless stated otherwise. For comparisons between two groups we applied the Mann-Whitney test.
Analysis of Astroglial Ensheathment
Identification of perisynaptic astrocytic processes (PAPs) was made exploring the 3D image datasets in Fiji. Astrocytic processes were identified by the sinuous morphology of the processes, the lack of microtubule bundles, and their pale cytoplasm (Peters and Palay 1991) . We determined the proportion of ensheathed presynaptic and postsynaptic partners on synapses from newborn GCs (127 spines and 123 boutons for WT, 96 spines and 79 boutons for Reelin-OE, and 82 spines and 66 boutons for Dab1-cKO). Completely imaged spines and boutons in 3D (stacks of FIB/SEM images) were analyzed every 4 slices (100 nm) (115 spines and 114 boutons for WT; 84 spines and 71 boutons for Reelin-OE; and 64 spines and 54 boutons for Dab1-cKO). For each spine and its presynaptic bouton we traced the contours of all synaptic elements, evaluated the presence of glial ensheathment and measured the perimeter of the synaptic elements that were enwrapped by glial processes, with respect to the total perimeter. Statistical analysis involved Kruskal-Wallis test with post hoc Dunn's test for comparisons between genotypes of the same age, and Mann-Whitney test for comparisons between two groups.
Results
Regulation of Dendritic Spine Development in Youngadult Born GCs by the Reelin/Dab1 Pathway
To investigate the role of Reelin on GC synaptogenesis, we injected GFP RV constructs into the DG of young-adult WT and Reelin-OE mice (Pujadas et al. 2010; Teixeira et al. 2012) . To study the influence of Reelin downregulation, we inactivated Dab1 in adult neuroprogenitor cells by injecting Dab1-cKO mice with RV constructs expressing Cre and GFP, thus allowing us to monitor the effect of cell-autonomous inactivation (Teixeira et al. 2012) . Dab1 is an essential component of the Reelin cascade and its inactivation results in a phenocopy of Reelindeficient mice (Sheldon et al. 1997; Franco et al. 2011; Teixeira et al. 2012) . WT mice injected with GFP and Cre RV were used as controls (Fig. 1a) . The density of spines was analyzed at 4 and 8 weeks post-injection in the 3 sublayers of the ML which receive differential inputs from the entorhinal and the commissural/associational pathways (Andersen et al. 2007 ). We found that in WT mice there was an overall increase in the density of spines between 4 and 8 weeks (IML: 27.39%; MML: 25.57%; OML: 14.50%; Fig. 1b,d ). The overexpression of Reelin did not alter the densities of spines at any time point, compared with WT mice, although differences between 4 and 8 weeks were observed just in the IML (increase of 18.53%; Fig. 1b,d ). In contrast, we found that Dab1-inactivated GCs displayed a transient increase in the density of spines at 4 weeks, with spine numbers being similar to WT mice at 8 weeks (Fig. 1b,d ).
We next took advantage of RV vectors expressing PSD95-GFP to map the onset of input synapses. Injections of such retroviral vectors delineated dendrites and spines, which were tipped with PSD95-GFP clusters corresponding to synaptic puncta (Fig. 1c) . These results confirmed the increase in synaptic puncta in WT mice between 4 and 8 weeks, as well as in Reelin-OE mice, but without differences between these 2 genotypes. Cell-autonomous Dab1 inactivation resulted in a moderate, transient increase in PSD95-positive puncta at 4 weeks ( Fig. 1c,e) . Interestingly, Dab1-inactivated GCs extended ectopic, basal dendrites into the hilus (Teixeira et al. 2012) , which were also covered by a high density of spines tipped with PSD95-GFP positive puncta (1.1 spots/µm at 4 w and 1.37 spots/µm at 8 weeks), suggesting that ectopic GC dendrites have spine densities similar to apical dendrites. Thus, by using both gain-and loss-of-function models and 2 different retroviral markers we concluded that the Reelin pathway appears not to regulate either the developmental program or the numbers of spines and synaptic contacts in young-adult-born GCs, except for a transient increase in Dab1-deficient GCs.
The Reelin/Dab1 Pathway Regulates the Shapes of Dendritic Spines in Newborn GCs
We next addressed spine synaptogenesis in RV-traced GCs by using FIB/SEM technology, which allows high-throughput 3D-EM reconstructions of spines and synapses with high resolution. We reconstructed a total of 14 dendritic segments from Reelin-OE mice and Dab1-inactivated neurons, allowing complete 3D reconstruction of up to 195 spines (4 weeks: 45 Reelin-OE, 27 Dab1-cKO; 8-9 weeks: 82 Reelin-OE, 41 Dab1), which were compared with WT young-adult generated GC dendrites (Bosch et al. 2015) . Together with the control group, the study includes a total of 443 spines. These 3D reconstructions allowed us to trace identified spines back to the parent dendrites and to study the 3D architecture of synaptic interactions including presynaptic elements (Movie 1, Figs. 2 and 3). As in WT mice, most GC spines were contacted by a single presynaptic bouton in both Reelin-OE and Dab1-cKO mice establishing asymmetric synapses, although a small percentage lacked synaptic contacts (non-synaptic spines, Dab1-cKO: 1 (3%) at 4 weeks and 3 (6%) at 9 weeks; Reelin-OE: none at 4 weeks and 3 (6%) at 8 weeks). The vast majority of spines received synaptic input on their heads in all groups studied.
The same 5 main types of spines observed in our previous analysis on WT GC spinogenesis (filopodial, thin, stubby, mushroom, and branched, Bosch et al. 2015) were identified in Reelin-OE and Dab1-deficient mice, although stubby spines were only occasionally found in these phenotypes. Several examples, corresponding to mushroom, filopodial, branched, and thin spines, are shown in Figs. 2 and 3 . To analyze the impact of the Reelin/Dab1 pathway in GC dendritic spinogenesis, we compared the percentages of spine types among the different genotypes (Fig. 4a,b) . At 4 weeks in WT mice, the largest percentage of spines corresponded to the thin (48%) and the mushroom and filopodial categories (24%; Fig. 4b ). At this time point, Reelin-OE mice displayed a marked increase in mushroom spines (53%), concomitant with a decrease in filopodial spines (−57%) when compared with WT. The percentage of mushroom and branched spines was also increased in Dab1-inactivated dendrites (64% and 257%, respectively), at the expense of a reduction in thin spines (−55%, Fig. 4b ). At 8 weeks in WT mice, the percentages of mushroom, filopodial and thin spines were roughly similar (although slightly reduced) to those represented as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001. of 4-week-old neurons. In contrast, the presence of both branched and stubby spines was almost exclusive of this stage (Fig. 4b) . The main change observed in 8-week-old neurons in Reelin-OE mice, compared with WT mice, was an increase in the percentage of mushroom and filopodial spines (40% and 28%, respectively). Conversely, Dab1-inactivated dendrites exhibited a marked decrease in the percentage of mushroom spines (−53%), accompanied by an increase in filopodial spines (113%; Fig. 4b ). Together, these results indicate that although some GC spine types (mushroom, filopodial, and thin) are fixed and robust in WT mice already at 4 weeks, branched and stubby spines are a distinctive feature of mature 8-week-old GCs (Bosch et al. 2015) . Moreover, whereas the overexpression of Reelin leads to an increase in mushroom spines at 4 and 8 weeks, Dab1 inactivation leads to profound changes, both transient and permanent, in spine shapes, with a transient increase in mushroom and branched spines at 4 weeks, followed by a marked decrease in mushroom spines at 8 weeks, accompanied by an increase in the filopodial type (Fig. 4b) .
We next performed a morphometric 3D analysis of the fully reconstructed spines and synapses. Sizes of spines and synapses (measured either via their respective volumes or enveloping surfaces) were distributed in a right-skewed curve, whereas their sphericities were distributed symmetrically around the mean. All these parameters displayed a continuum in their values, as previously described (Arellano et al. 2007; BenavidesPiccione et al. 2013; Bosch et al. 2015) . Whereas at 3-4 weeks spines from WT neurons were less spherical than the other 2 experimental groups, the opposite held true at 8-9 weeks (Fig. 4c) . This proves that spines are more irregularly shaped in 8-9 weeks Reelin-OE and Dab1-cKO neurons, and suggests that spine structural maturation is affected by the Reelin signaling. Synapse sphericity was smaller in Reelin-OE mice at 8-9 weeks, indicating greater complexity (Fig. 4d) .
At 4 weeks, all groups displayed similar spine sizes ( Fig. 4e  and Supplementary Fig. 1a) . At 8-9 weeks, in turn, spines of Reelin-OE mice were 51% larger than controls. This increase was driven exclusively by the spines having volumes above 3.0E7 nm 3 (surfaces above 1.0E6 nm 2 ), which accounted for half of the spine population in both the control and Reelin-OE groups (WT: 111 spines, 49.1%; Reelin-OE: 42 spines, 51.2%). No differences were found between WT and Dab1-cKO spine volumes (Fig. 4f,g and Supplementary Fig. 1b ). We next analyzed sizes of the 3D-reconstructed synaptic contacts. At 3-4 weeks synapses were similar across all groups ( Fig. 4h and Supplementary Fig. 1d ). At 8-9 weeks, we found that the Reelin/Dab1 pathway positively regulated the size of synaptic contacts (Fig. 4h,i and Supplementary Fig. 1d,e) . Similarly to the previous observations, the changes in synaptic size were driven by specific synapse pools, with the synapses larger than 3. The Reelin/Dab1 Pathway Regulates the Innervation of Young-adult-Generated GCs by Multi-Synaptic Axon Terminals
In the DG, axonal boutons establishing synapses with spines of newborn GCs often contact additional, unlabeled spines (multiple synaptic boutons, MSBs), which have been suggested to enhance synchronicity of the newborn GC with the preexistent circuitry (Harris 1995; Toni et al. 2007; Bosch et al. 2015) . We investigated how the Reelin/Dab1 pathway affected the synaptic features of axon terminals that were presynaptic to labeled GCs. We analyzed the connectivity of a total of 476 terminals innervating identified spines from and Dab1-inactivated GCs (76), which were compared with WT GCs (271, Bosch et al. 2015) . Several examples of MSBs contacting both newborn GC spines and unlabeled spines are shown in Fig. 5a -d. We found that the percentage of MSBs remained unchanged in all 3 phenotypes at 4 weeks (64-76%), whereas the remaining presynaptic boutons established synapses exclusively onto the GFP-labeled spine (single synaptic boutons, SSBs; Fig. 5e,f) . At 8 weeks, however, the percentage of MSBs was significantly lower in both Reelin-OE and Dab1- inactivated mice (47% and 53%, respectively) than in WT GCs (72%) (Fig. 5f ). This notion was also supported by the distribution analyses, showing that only WT neurons had boutons with ≥5 synapses on distinct spines (Fig. 5e) , and by the average connectivity/bouton, which demonstrated an overall 40% decrease in Reelin-OE (41% less contacts per bouton, 38% less contacts per MSB), and in Dab1-deficient mice (41%, 31%), compared with WT mice (Fig. 5g,h) . Finally, the SSB/MSB ratio analyzes showed that all spine types accounted equally for the decrease in the percentage of MSBs in Reelin-OE and Dab1-inactivated mice (Fig. 5i) . These results suggested that synaptic complexity (i.e., number of axo-spinous synapses per bouton) increases in mature, 8-week-old GCs in WT mice, and that such increase is perturbed in both gain-and loss-of-function Reelin models. To substantiate these findings we decided to investigate the synaptic complexity of boutons establishing contacts exclusively with unlabeled spines, the majority of which in 5-month-aged 3) show selected serial planes of the spines depicting the head (green arrowheads), neck and synaptic contact (red arrowheads). The right 3D reconstructions (4-5) show the labeled spines in 2 orthogonal orientations. The dendritic shaft is shown in solid dark green, the spine of interest in solid pale green, and its synapse in solid red. Neighboring spines and synapses are indicated in light pale green and red, respectively. Scale bar in a1 is 0.5 µm and applies to a-f 1-4. Scale bar in a5 is 1 µm and applies to a-f5.
mice must correspond to synaptic contacts on mature GCs (Movies 2 and 3). This study was performed in WT and Reelin-OE mice, as Dab1-deficient animals were not suitable because the cre-mediated inactivation was cell-autonomous. Our results showed that both the percentage of MSBs and the average of contacts/bouton were identical to those found in boutons contacting 8-week-old, GFP-labeled GCs (Fig. 5f-h and Fig. 6 ), indicating that the synaptic architecture found in 8-week-old neurons is likely to be representative of mature synapses in the ML. Together, these findings indicate that the show larger sizes than WT. This threshold was used to split all synapses into 2 groups, the smaller synapses being analyzed in (j) and the larger ones in (k). Scale bar in a is 1 µm. Data represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001; Kruskal-Wallis test and post hoc Dunn's. # P < 0.05; Mann-Whitney test. (4) show the same elements in a different orientation. Tilted larger magnifications of a4, b4 are shown in c, d, respectively. Note that only varicosities presynaptic to the labeled spine were analyzed (delimited by blue dashed lines in the 3D panels). The color code is as described in Fig. 3 ; additionally, the axon is shown in light blue, and synapses established by the axon on non-labeled spines in solid gray. at 8-to 9-week-old WT, Reelin-OE and Dab1-cKO GCs. Scale bar in a1 is 0.5 µm and applies to a and b 1-3. Scale bar in a4 is 1 µm and applies to a and b4. Scale bar in c is 1 µm and applies to c and d. Data represent mean ± SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001; Kruskal-Wallis test and post hoc Dunn's. # P < 0.05, #### P < 0.0001;
Mann-Whitney test.
Reelin/Dab1 pathway regulates the synaptic complexity of terminals presynaptic to GCs in the DG.
The Reelin/Dab1 Pathway Regulates Astroglial Ensheathment of Newborn GC Synapses
Astroglial ensheathment of synapses is increasingly thought to be important in the control of synaptic neurotransmitter levels, extracellular homeostasis, neuron/glia neurotransmission, and spine development and plasticity Bernardinelli et al. 2014a; Haydon and Nedergaard 2015; Krzisch et al. 2015; Martin et al. 2015; Sultan et al. 2015) . We next analyzed fully reconstructed GC synapses to address whether the Reelin cascade modulates astroglial ensheathment of synapses established with spines of newborn GC. As shown in the 3D reconstructions in Fig. 7 , PAPs were in direct apposition with, and engulfed, both the presynaptic and the postsynaptic elements arising from GFP-traced GCs. The degree of PAP ensheathment was variable, with some synapses being largely enwrapped by PAPs and others displaying little PAP enveloping (Fig. 7) . We next performed a quantitative analysis of glial ensheathment. In WT neurons,~90% of synapses had PAP ensheathment, both at 3-4 and 8-9 weeks (Fig. 8a) . About 79-87% of these displayed ensheathment in both the spine and the presynaptic bouton, with the remaining 13-21% of synapses being ensheathed only in the spine or in the bouton (Fig. 8a) . The overall percentage of synapses engulfed by PAPs was not substantially altered in Reelin-OE and Dab1-cKO mice (Fig. 8c) . The percentage of ensheathed postsynaptic spines was also similar among the different groups and in different spine types ( Fig. 8d and Supplementary Fig. 2 ). We found that 58-62% of spines in WT neurons were ensheathed in both the head and neck, with the remaining 28-32% of spines being ensheathed exclusively in the head or in the neck (Supplementary Fig. 2 ). Whereas the overexpression of Reelin resulted in a moderate decrease in the global ensheathment, Dab1-deficient neurons showed a marked increase in enwrapping and a greater percentage (67-89%) of spines engulfed in both the neck and spine ( Supplementary Fig. 2 ). Regarding presynaptic partners, both overexpression and downregulation of Reelin led to a transient increase (35% and 31%, respectively) in the percentage of boutons ensheathed by PAPs at 3-4 weeks; at 8-9 weeks boutons in Dab1-KO neurons tended to have higher percentages (~95%), and, conversely, Reelin-OE neurons displayed lower percentages (70%) when compared with WT neurons (~89%) (Fig. 8d) . These features were observed in both SSBs and MSBs.
The above findings suggested that Dab1-inactivation results in increased percentages of ensheathed synapses and that Reelin-OE leads to decreased astroglial ensheathment. We next measured the synaptic perimeter juxtaposed with astroglial processes at evenly distributed slices for completely imaged spines in 3D. About 12-17% of the spine perimeter in WT neurons was apposed to PAPs at 3-4 and 8-9 weeks, respectively (Fig. 8d) . Dab1-inactivation led to a marked 63% increase in the ensheathment of GC spines, which accounted for all types of spines, and Reelin-OE neurons tended to show decreased, though non-significantly, glial ensheathment at 8 weeks ( Fig. 8d and Supplementary Fig. 2 ). In contrast, at 3-4 weeks mushroom spines in Reelin-OE neurons displayed a sharp 96% increase in the ensheathed perimeter ( Supplementary Fig. 2 ), suggesting that astrocytes contribute to the formation or stabilitization of these spines. Analyses of ensheathment in presynaptic boutons at 8-9 weeks revealed that whereas Dab1-inactivation results in a clear ensheathment increase (76%), Reelin-OE leads to a significant decrease (−52%) (Fig. 8d ). These differences held true for both SSBs and MSBs presynaptic to labeled GCs. Finally, at 3-4 weeks we found a higher presynaptic ensheathment in the SSBs of both Dab1-cKO and Reelin-OE mice with respect to WT (344% and 374%, respectively; Supplementary Fig. 2 ). Taken together, our results reveal that the Reelin/Dab1 pathway contributes to the fine tuning of the density of perisynaptic astroglial ensheathment of synapses established on newborn GCs, with overactivation of the pathway resulting in reduced ensheathment and Reelindownregulation leading to increased ensheathment.
Discussion
Whereas the role of Reelin in spine and synaptic development has been well established by both in vivo studies in "reeler" and in neuronal cultures (Borrell et al. 1999; Liu et al. 2001; Qiu and Weeber 2007; Niu et al. 2008; Ventruti et al. 2011; Rogers et al. 2013) , the role of Reelin in adult spine stability and remodeling is less well established. Whereas the overexpression of Reelin leads to spine hypertrophy, but not to spine density changes (Pujadas et al. 2010; Bosch et al. 2016 ), Reelin overexpression is sufficient to recover spine deficits in an perimeter covered by astrocytic processes on spines and boutons at 3-4 and 8-to 9-week-old WT, Reelin-OE, and Dab1-KO genotypes. Data represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001; Kruskal-Wallis test and post hoc Dunn's. # P < 0.05; Mann-Whitney test.
Alzheimer's disease mouse model (Pujadas et al. 2014) , and Reelin infusions increase spine densities in CA1 WT neurons (Rogers et al. 2011) but not so in heterozygous reeler mice (Rogers et al. 2013) . By using high resolution imaging techniques, we show in the present study that the Reelin/Dab1 pathway contributes to the regulation of the shapes and types of spines, to the complexity of their synapses and to the astrocytic perisynaptic ensheathment, indicating that the Reelin pathway is involved in the integration of newborn GCs in the preexisting circuit. Taking advantage of retroviral markers, gain-and loss-offunction models, and 3D-microscopy techniques, we addressed how Reelin influences spine formation and connectivity in young-adult-generated GCs. Two-month aged mice were selected for retroviral injections by several reasons: First, 2-month-old young-adult mice correspond to 16-20-year-old humans (Finlay and Darlington 1995; Workman et al. 2013; Brust et al. 2015; Shoji et al. 2016) with the age of analysis (3-to 4-month-old mice) corresponding to adult humans. And second, injections in 2-month aged mice allow sufficient amount of retrovirally-labeled newborn GCs (Garthe et al. 2009; Krzisch et al. 2015; Mu et al. 2015; Restivo et al. 2015) . Our results show that the overexpression of Reelin does not alter the pattern of spine formation and their densities in newborn GCs. In contrast, Dab1 downregulation leads to a transient increase in spine numbers at 4 weeks, which returns to numbers identical to those in WT neurons at 8 weeks. Thus, whereas over-activation of the Reelin pathway is not sufficient to alter the number of synaptic inputs to GCs, the downregulation of this signaling pathway increases the density of spines and presumed PSD95 contacts at early stages of GC maturation. To our knowledge this is the first study reporting that downregulation of the Reelin/Dab1 pathway increases spine numbers. It has been described that newborn GC display an increase of spines during their immature stages in some pathological conditions, such as stroke (Niv et al. 2012) , epilepsy (Murphy et al. 2011) , or inflammation (Chugh et al. 2013) . Since these immature neurons are believed to have an important role in hippocampal function, it is possible that such spine increase in the absence of Reelin/Dab1 signaling might favor seizure-like episodes. Moreover, a study focused on layer 2/3 pyramidal neurons reported reduced spine density and enhanced adult Reelin expression linked to increased maternal care during their offspring (Smit-Rigter et al. 2009 ) and it has been reported that Autism Spectrum Disorder patients exhibit larger spine densities (Tang et al. 2014) , with Reelin being a risk factor for this disease (Wang et al. 2014) . Considering the positive role of Reelin in spine development (Qiu and Weeber 2007; Niu et al. 2008 ) and the different effects found in the adult (see above references), our findings suggest that the regulation of spinogenesis by Reelin may depend on the neuronal type analyzed and on developmental/adult stages, suggesting differential activation of signaling pathways downstream of Dab1.
A major effect of Reelin in the DG relies on spine morphology, type, and size. GCs in Reelin-OE mice exhibited a greater number of mushroom spines at both ages and a transient decrease in filopodial spines, and Reelin-OE mice exhibited both larger spines and synaptic contacts. Given current views on the shape of spines for their physiological and integrative properties, the relationship between mushroom spines with increased postsynaptic response and Long Term Potentiation (LTP) (Rusakov et al. 1996; Yuste and Majewska 2001; Matsuzaki et al. 2004; Harris and Weinberg 2012; Rochefort and Konnerth 2012) , and findings highlighting a role for the "stronger" synapses in functional connectivity (Lefort et al. 2009; Cossell et al. 2015) , our findings suggest greater excitability in Reelin-OE GCs. The increase in synaptic size in Reelin-OE mice would further enhance excitability since larger synapses contain higher numbers of AMPA receptors (Nusser et al. 1998; Takumi et al. 1999; Tarusawa et al. 2009 ), thus having a direct influence in postsynaptic strength (Montes et al. 2015) . This agrees with studies reporting that Reelin potentiates glutamatergic neurotransmission and LTP (Weeber et al. 2002; Beffert et al. 2005; Qiu et al. 2006; Qiu and Weeber 2007; Pujadas et al. 2010; Rogers et al. 2011 Rogers et al. , 2013 .
The main target of Dab1 downregulation in newborn GCs is once again mushroom spines; whereas at 8 weeks these spines were clearly decreased, there was a transient increase at 4 weeks, an age at which a reduction in thin spines occurred concomitant with a premature increase in branched spines. Synaptic contacts in Dab1-inactivated GCs were also smaller than in WT neurons. Together with the above findings in Reelin-OE mice, it is likely that mushroom spine emergence and stability is a primary target of the Reelin pathway. In addition, the strong multifaceted alterations found at 4 weeks in Dab1-deficient neurons, together with the increase in spine densities, suggest that Dab1 downregulation targets immature GC function and physiology by incrementing the hyperexcitability described for immature GCs (Ge et al. 2007 ). This could entail pathological consequences since hyperexcitability of the DG is one of the main characteristics of epilepsy (Murphy et al. 2011; Pun et al. 2012; Althaus et al. 2015) , a pathology linked to low Reelin levels and to GC basal dendrites as in the Dab1-cKO model (Teixeira et al. 2012) . Moreover, an immature hyperexcitable DG could be an endophenotype of psychiatric diseases (Yamasaki et al. 2008; Gu et al. 2012; Marin-Burgin et al. 2012; Shin et al. 2013; Zhou et al. 2013) , pathologies that display low Reelin levels (Knable et al. 2004; Veldic et al. 2004) .
A major target of Reelin in GC synaptogenesis was on the presynaptic terminals contacting with these neurons. In both Reelin-OE and Dab1-inactivated mice, axons innervating spines from newborn GCs established simultaneous synaptic contacts with fewer additional spines, indicating that Reelin deregulation in either direction alters such synaptic architecture. MSBs in the DG have been associated with plasticity and LTP and with mechanisms that may drive coactive synaptic activity, synchronous networks and rhythms (Harris 1995; Toni et al. 1999; Geinisman et al. 2001; Knott et al. 2006; Medvedev et al. 2014; Bosch et al. 2015) . It is thus likely that both the overexpression and the downregulation of the Reelin pathway may lead to altered synchronicity and rhythms, which are important for cognitive processes, including learning and memory (Deng et al. 2010; Aimone et al. 2011; Buzsaki and Moser 2013) . We report here that the Reelin/Dab1 pathway influences presynaptic synaptogenesis and presynaptic architecture, which raises several interesting mechanistic issues. In Reelin-OE mice, the simplest explanation is that extracellular Reelin may act directly on boutons, which express Reelin receptors (Bal et al. 2013 ) and Dab1 ; in fact, presynaptic boutons in reeler mice have been found to exhibit deficits in VAMP2/ SNAP25 expression (Hellwig et al. 2011; Bal et al. 2013 ). However, the mechanism implicated in Dab1-inactivated GCs is likely to act indirectly, as the Reelin/Dab1 pathway was exclusively downregulated in the RV-infected GCs. This suggests the existence of Reelin-mediated indirect communicating mechanisms that may be disrupted in Dab1-deficient neurons. Such a mechanism would imply that either the postsynaptic neuron directly influences the multi-innervation complexity of the presynaptic axon, or else does so indirectly through adjacent cells such as astrocytes, whose activity plays a major role in spine development in GCs (Krzisch et al. 2015) .
We show for the first time that Reelin regulates the extension of perisynaptic astroglial ensheathment. We found similar ensheathment in the control group as described previously for newborn GCs in the DG (Krzisch et al. 2015) . However, whereas Reelin downregulation results in increased ensheathment of GC synapses, Reelin overexpression has the opposite effect. Recent evidence indicates that synaptic glial ensheathment is important in the control of synaptic homeostasis and excitability: not only do astrocyte synaptic processes contribute to neurotransmitter removal, thus preventing hyperexcitatability, but there is also increasing evidence of their role in synaptic plasticity, spine and synaptic development, and neuron/glial neurotransmission (Pfrieger and Barres 1997; Eroglu and Barres 2010; Bernardinelli et al. 2014b; Rothstein et al. 1996; Araque et al. 2014; Perez-Alvarez et al. 2014; Haydon and Nedergaard 2015; Sultan et al. 2015) . It is thus tempting to speculate that, by modulating the degree of astrogial ensheathment, the Reelin pathway may contribute to at least some of these important processes. This also raises the possibility that the Reelin cascade may interact functionally with astrocyte-secreted signaling proteins such as Hevin and SPARC, that have been found to regulate synaptogenesis (Kucukdereli et al. 2011) . However, further experiments would be required to establish a functional link between the structural changes here described and their physiological synaptic implications.
Together with our previous studies (Teixeira et al. 2012 ), our findings show that Reelin markedly regulates dendritic and synaptic maturation of newborn GCs. Whereas the overexpression of Reelin leads to accelerated dendritic maturation and to larger spines and synapses, and increased numbers of mushroom spines, the downregulation of the Reelin/ Dab1 pathway leads to dendritic architecture alterations, synaptic circuit reorganization, increased spine density at 4 weeks, major changes in spine types at both 4 and 8 weeks, and smaller synapses at 8 weeks. In addition, both the downregulation and the overexpression of the Reelin cascade result in a decrease in MSB synaptic innervation (Fig. 9) . Lastly, the Reelin/Dab1 pathway controls the extension of astroglial ensheathment in newborn GC synapses. Thus, Reelin regulates distinct steps of GC maturation, including dendritogenesis and dendritic orientation, dendritic spinogenesis and synaptogenesis, and astroglial ensheathment, which is likely to be transduced in profound changes in the electrical properties of GCs and in the network activity in which they are recruited. Interestingly, both overexpression and downregulation of the Reelin/Dab1 pathway led to dramatic connectivity and glial ensheathment alterations, indicating that fine, precise control of Reelin expression is needed for the correct maturation and functional integration of young-adult-born GCs. Given the influence of Reelin in neurodegenerative and psychiatric diseases and in epilepsy (Guidotti et al. 2000; Dutta et al. 2011; Folsom and Fatemi 2013; Notter and Knuesel 2013) , we propose that the alterations here described may contribute to the pathogenic traits associated with these diseases.
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Supplementary material can be found at: http://www.cercor. oxfordjournals.org/. the hilus, where they receive excitatory inputs (bottom left). Spines in WT experience changes in density and morphology from 4 to 8 w, and maturation occurs along with an increase in the presence of branched spines (central panels). Overexpression of Reelin does not change their density but it triggers a larger presence of mushroom spines at both 4 and 8 w (top). Dab1-cKO neurons exhibit a transient increase in dendritic spines at 4 w, but at 8 w no differences are present compared with WT. Loss of Dab1 leads to major changes in spine morphology, including a transient increase in mushroom and branched spines at 4 w, followed by a marked decrease in mushroom spines at 8 weeks and an increase in the filopodial type (bottom). Regarding the presynaptic bouton, the increase in synaptic multiinnervation seen in WT from 4 to 8 weeks is severely disrupted upon both Reelin overexpression and Dab1 loss of function. Finally, downregulation or overactivation of the Reelin/Dab1 pathway leads to severe alterations in the perisynaptic astroglial ensheathment (right). Abbreviations: GCL, Granule Cell Layer.
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